Directed
Mutagenesis Kit (Stratagene). The primers: 5'-CAAATACTATGGAGTCCCAACTGTCTATCCGTATGCCGACAAAGTGGAC-3'
and 5'-GTCCACTTTGTCGGCATACGGATAGACAGTTGGGACTCCATAGTATTTG-3' were used to introduce the mutation. The mutation site is underlined. Amplification of the mutated gene using the primers 5'-GGGAATTCCATATGAGCATTAGACTTCCACAAGAAGGA-3' and 5'-GCGGGATCCTTATTCCCCCTCAATTTCTTTTATG-3', and transfer into pET11a were performed as described for the A. pernix. The putative idh gene, TM1148, from T.
maritima was amplified and cloned into pET-11a as described for A. pernix using the primers, 5'GGGAATTCCATATGGAGAAAGTCAAAGTCAAAAATCC3' and 5'GCGGGATCCCTACAGTAATTTTTCGAGATTCTTCTTCACT3'.
E. coli strain BL21-CodonPlus(DE3)-RIL cells were transformed with the different
pET-11a-IDH constructs and grown in LB broth containing ampicillin (100 µg/ml) and chloramphenicol (34 µg/ml) at 37 °C to A 600 nm = 0.7 -0.8 cell density. Isopropyl thio-β-galactopyranoside was added to 1.0 mM concentration to induce expression, and the incubation was continued for 3-4 h at 37 °C. Cells were harvested by centrifugation (5000 × g, 15 min) and frozen at -20 °C until used. Cells carrying pET-11a constructs of A. fulgidus,
A. pernix and P. furiosus idh, respectively, were resuspended in 20 mM sodium phosphate buffer, pH 7⋅0, containing 1 mM EDTA and disrupted using a French pressure cell at 55 MPa.
After removal of cell debris by centrifugation (13 000 × g, 30min), the cell extracts were subjected to heat precipitation of host protein (80°C, 30 min). Precipitated protein was removed by centrifugation (15000 × g, 30 min) and the heat-treated extracts were applied to a Red-Sepharose column (Millipore) equilibrated with 20 mM sodium phosphate buffer, pH 7⋅0, containing 1 mM EDTA. The column was washed with the sodium phosphate buffer until A 280 was zero and protein eluted with a NaCl gradient (0-2 M). Following elution and subsequent analysis by SDS-PAGE to verify homogeneity, the fractions containing IDH activity were pooled and NaCl removed by ultrafiltration (Amicon, PM 30) . Purification of TmIDH was carried out as for the other IDHs, except that EDTA was substituted with 10 mM MgCl 2 in the 20 mM sodium phosphate buffer, pH 7⋅0, and elution from the Red-Sepharose column was performed with a NaCl gradient (0-1 M) in sodium phosphate buffer, pH 8⋅0. The purified
IDHs were stored in 50 mM K-phosphate pH 7⋅5 containing 0.1 M NaCl.
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Sedimentation velocity-Experiments were performed on a Beckman XLA analytical ultracentrifuge, equipped with a UV scanning system, using a four hole AN-60 Ti rotor with For construction of an alignment containing all the other known IDH, TDH and HDH sequences, as well as representatives of IPMDH, the profile alignment option of ClustalW was used to add all the additional sequences automatically to the alignment described above.
A distance analysis using the weight option in the program Protdist (Phylip, version 3.573c) with a PAM250 substitution matrix was performed. Positions with one or more gaps in the alignment were excluded. A total of 208 amino acid positions were used. The phylogenetic tree was constructed using the neighbor-joining algorithm and displayed by the Drawtree program (Genetics Computer Group). A bootstrap analysis was performed with 100 replicates using the Seqboot program (Genetics Computer Group). The alignment is available from the authors on request. Accession numbers of the sequences used in the phylogenetic analysis are listed in Table I .
RESULTS

Expression and Biochemical Characterization-The putative TmIDH, ApIDH and
PfIDH could be expressed in E. coli as active enzymes as previously found for AfIDH (44).
When expressed from the T7 promotor AfIDH was produced in 7-10 times higher amounts than when expressed from the lac promotor. Each IDH could be purified in two steps to yield more that 15 mg pure protein per liter of culture (data not shown). (Table II) . The difference is probably due to a small sample heterogeneity. In contrast to the other IDHs, the g(s*) profiles calculated for TmIDH (Panel C) showed two peaks. The data were well fitted with two oligomeric states that are in equilibrium. It is out of the scope of this study to mention how the protein concentration, salt, temperature and pH modify this equilibrium. (Fig. 4) . Arg 101 in porcine IDH which has been suggested to be involved in catalysis, is conserved in TmIDH (Fig.4) (Fig. 4) (52) . The substitution of porcine Asp 273 with a Glu in TmIDH may not be crucial since both amino acids are acidic (Fig. 4) . However, structural data are needed in order to evaluate how conserved the were excluded from the study due to lack of significant overall sequence homology with the other forms of IDH although three short regions of homology have been identified in the monomeric IDH from Corynebacterium glutamicum (58) . The phylogenetic tree presented in Fig. 3 shows that IDHs diverge in three subfamilies as observed previously (24) . Inclusion of HDHs,TDHs and IMDHs in the phylogenetic analysis indicates that these enzymes forms a fourth subfamily of ß-decarboxylating dehydrogenases. (Fig 3) . Hence, it can be concluded that subfamily I includes a homogenous subfamily of prokaryal IDHs using either NAD or NADP as cofactor and of the IDHs for which oligomeric state are known, they are all homodimeric.
Despite being NAD-dependent
The putative TmIDH showed highest sequence identity with NADP-dependent IDH from yeast, and is encoded by the fraction of T. maritima genes with highest similarity to eukaryotic genes (59), and accordingly TmIDH showed phylogenetic affiliation to IDHs in subfamily II (Fig 3) . The sequence identity previously observed between members of subfamily II with members of subfamily I and III of less that 18% (24), could raise the question if these subfamilies have a common ancestor. However, a sequence identity of TmIDH and EcIDH of 27.7% is higher than previously noticed between members of subfamily II (24) , and TmIDH branches off before any of the other members of this subfamily. Hence, TmIDH is slightly more related to subfamily I and III than the other members of subfamily II and supports an evolutionary relationship between these subfamilies.
The putative IDHs from Mesorhizobium loti, Caulobacter crescentus, Sinorhizobium meliloti, Rhodopseudomonas palustris, Rhodobacter capsulatus, Thermomonospora fusca and
Mycobacterium tuberculosis (IDH1) also group within subfamilyII, with a close relationship to IDH from S. yanoikyae (Table II, Fig. 3 ). These data confirm the presence of bacterial With the exception of TmIDH, IDHs from hyperthermophiles are located in subfamily I, which includes IDHs from psycrophilic (Vibrio ABE-I) as well as mesophilic organisms (Fig. 3) , all being highly similar to EcIDH. This provides a basis for a comparative study of IDHs in order to reveal factors involved in thermostabilization of hyperthermophilic IDHs.
The observed T m value for IDH from the different hyperthermophiles matched the difference in growth optima for the organisms from which they originated (Table II) . Each of the IDHs tested was substantially more thermostable than EcIDH, which is totally inactivated after 10-min incubation at 40°C (60) . Despite a similar melting temperature, ApIDH and PfIDH are most different with regard to number of amino acid residues, with ApIDH having prolonged N and C-termini compared with the other IDHs (Fig 4) . Two of three deletions in loop-regions previously observed in AfIDH, were also present in ApIDH and PfIDH (Fig. 4) . Deletions in loop regions is a property that have been observed in various other enzymes from hyperthermophiles (61) . Furthermore, a reduced number of Cys residues as compared with EcIDH (1.4% Cys) has previously been observed for AfIDH (0.2% Cys) (24) . This is also true for ApIDH and PfIDH, which have a Cys content of 0.5% and 0%, respectively. Hence, thermostable archaeal IDHs follow the trend observed for thermostable protein where Cys tend to be avoided (62) . On the contrary, an increased number of Arg residues have been found in proteins from hyperthermophiles when compared with mesophilic counterparts (62) .
EcIDH has 4.1% Arg residues. A slight increase in the Arg composition was found for AfIDH Table 1 Table I . Phylogenetic affiliation, cofactor specificity and sequence accession numbers for
IDHs included in the phylogenetic analysis presented in Fig. 3 . [63] [64] [65] [66] . T opt : temperature at which optimal enzymatic activity occurs. T m : melting temperature as determined by differential scanning microcalorimetry. MM:. Subunit molecular mass as calculated from the primary structure using the ExPasy ProtParam tool (http://www.expasy.ch/cgi-bin/protparam): NS: number of subunits as determined by analytical ultracentrifugation at 22°C; kinetic parameters were determined at 70°C. n. 
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